This paper presents a robust control of Thyristor Controlled Series Capacitor (TCSC) using the phaseplane fuzzy logic to improve the power oscillation damping of a wide-area power system. First, the TCSC is installed in series with transmission lines of two-area four-machine interconnected power system. Then, the phase-plane fuzzy logic control is adopted so as to control the power oscillations robustly and to improve the power system stability due to uncertainty from the delay time of a wide area control. The performance of the proposed phase-plane fuzzy logic controller is compared with the lead-lag compensator optimally tuned by GA. The simulation results reveal that the proposed phase-plane fuzzy logic control can achieve higher performance and more robustness under the large communication delay.
Introduction
Electric power is transferred from power plants to substations located near demand centers. With the increasing of electric power demand recently, modern power system will require networks to be interconnected more flexibly and efficiently and thus make power system control becomes more complicated. Typically, bulk electric power is transferred from the power plants to the loads with transmission lines over long distances. In addition, under new environment of smart grids, the grids can also incorporate large renewable energy sources in operations at high voltage levels. Therefore, the situation of low-frequency power oscillations has become worse and eventually lead to instability problems [1] .
The low frequency oscillations of electrical power usually come from a lack of sufficient damping of power in the power system. Many different approaches have been introduced, such as the application of automatic voltage regulator (AVR) equipped with the power system stabilizer (PSS). However, power electronic technologies have recently been developed that are more effective in increasing amounts of transmitted power, controlling the precise route of power flow and improving the dynamic performance. These technologies are referred to use Flexible AC Transmission System (FACTS) in power systems. TCSC is one of the most cost-effective FACTS devices for series compensation that enables more power to be transmitted over a long distance and can be used to damp the power oscillations effectively.
A method based on the particle swam optimization (PSO) technique is proposed to tune the parameters of damping controller of a TCSC. A robust design of a TCSC damping controller to improve the damping of inter-area oscillations is proposed that uses local measurements such as the voltage magnitude and the tieline power. Another research work that uses genetic algorithm (GA) to tune the controller parameters for a wide area stabilization is proposed in Ref. [2] . In Ref. [2] , the uncertainty due to communication delay is considered. However, the above mentioned papers are only based on the fixed structure controller. The fixed structure approach has the limitation in abruptly changing when operating conditions are shifted over a wide range. Because a power system is highly nonlinear, it is difficult to tune the parameters of fixed structure controllers. In contrast, the tuning of fuzzy logic controller is simple since there is no need for exact knowledge of power system mathematical model. Therefore, the fuzzy logic controller is independent due to nonlinear changes in operating conditions of generators and transmission lines.
There is a large number of successful applications of the fuzzy logic control to power system problems. The phase-plane fuzzy logic control is one of them that has been proved to work in many power system applications. For example, the implementation of a simple fuzzy logic excitation control of a synchronous generator is discussed in [3] . The experimental verification of performance of fuzzy control is shown by comparing to the conventional power system stabilizers. Until recently, there is no implementation of the phase-plane fuzzy logic control in a TCSC. For studies related to the power system stabilization, the performance of the phase-plane fuzzy logic control should be studied and verified. This paper is divided into 5 sections. The first section is the introduction mentioning about the problem of power oscillations and the adoption of a TCSC to solve the power oscillation problems. Section 2 describes the configuration of the study power system. Section 3 presents the design of the phase-plane fuzzy logic controller for a TCSC. Furthermore, the parameters of the 
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phase-plane fuzzy logic controller are optimally tuned using a golden section optimization method for better performance. Section 4 reveals the simulation results of the proposed controller and compares its performance with the optimally tuned lead-lag controller. Finally, conclusions are drawn in section 5. Figure 1 shows the configuration of the study power system. This system consists of two areas connected by a weak tie-line. The 6 th order generator model is used for each generator and is equipped with 1 st order automatic voltage regulator (AVR) without power system stabilizer (PSS). The governor is simple 1 st order model. The TCSC is installed in series with the transmission line between B7 and B8. For wide area control, two phasor measurement units (PMUs) are installed at G1 and G3 respectively to measure the speed difference between two generators that represents the inter-area oscillation mode. The control system includes the time delay due to the communication. 
Study Power System

The Proposed Control Method
Phase-Plane Fuzzy Logic Control
The structure of the phase-plane fuzzy logic controller is presented in Figure 3 . The phase-plane fuzzy logic control scheme is applied to the damping control loop of TCSC. The input signal is the generator speed difference By using the angle and radius membership functions shown in Figure 5 and Figure 6 respectively, the output of a TCSC is given by:
Where max U is the maximum value of the output signal of the phase-plane fuzzy logic controller.
Golden Section Optimization
The golden section search is an optimization technique that can be used for finding the minimum or maximum values by successively narrowing the searching range. The algorithm maintains the searching values for triple of points whose distances form a golden ratio. From Figure 7 , the searching interval R can be expressed as:
Where 0.6180 is the golden ratio. 
Where max X is the maximum value, min X is the minimum value.
In summary, this method can be applied to search for the minimum value by taking the following steps:
Step 1: Calculate the starting interval Step 4: Calculate the error representing the absolute precision to the minimum value by
Step 5: Carry out until  is less than the tolerance limit.
Simulation esults R
In order to demonstrate the efficiency of the proposed phase-plane fuzzy logic controller, the study system of two-area four-machine interconnected power system is used. The TCSC is installed in series with the transmission line. Then, this paper makes the comparison between the TCSC with optimal tuning of the lead-lag compensator shown as a transfer function in (10) and another one with golden section tuning of the phase-plane fuzzy logic controller. The optimally tuned lead-lag controller in (10) is obtained from [2] which is designed by considering the time delay of the communication. The benchmarking robust controller is referred as RTCSC. The golden section optimization is applied to tune three parameters of the proposed phase-plane fuzzy logic controller that are the scaling factor 1  , the overlapping angle 2  and the distance factor 3  . Table 1 shows the tuning result of the parameters used in the phase-plane fuzzy logic controller. Then, the non-linear simulations of three case studies under applied disturbances as given in Table 2 are performed. Comparisons of the generator speed difference between G1 and G3 which represents the inter-area oscillation between the RTCSC and the proposed phaseplane fuzzy logic controller are provided as follows. In case 1, as shown in Figure 9 , the oscillation can be damped out by either the RTCSC or the proposed phaseplane fuzzy controller. The performance of the RTCSC is slightly better than the proposed phase-plane fuzzy logic controller. In case 2, as shown in Figure 10 , the damping effect of RTCSC is much less that of the proposed phase-plane fuzzy logic controller while the performance of the proposed phase-plane fuzzy logic controller is almost the same. In case 3, as shown in Figure 11 , the damping effect of the RTCSC is completely deteriorated. The proposed phase-plane fuzzy logic controller is successfully capable of damping out the inter-area oscillation effectively. It can be concluded that the proposed controller provides more robustness against the large communication delay. 
Conclusion
This paper proposes the wide area robust TCSC controller considering the time delay as an uncertainty. The phase-plane fuzzy logic control is adopted to control the inter-area power oscillations robustly and to improve the robustness of the TCSC controller against the delay uncertainty. The performance of the proposed phase-plane fuzzy logic controller is compared with the optimally tuned lead-lag controller based on GA. It is obvious that the optimally tuned lead-lag controller gives poorer stability under a wide range of time delay than the proposed phase-plane fuzzy logic controller. The simulation results have confirmed that the proposed phase-plane fuzzy logic control can achieve higher performance and more robustness under the large communication delay.
